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Nearly all bacterial pathogens require iron to successfully infect their vertebrate hosts. The host molecule lip-
ocalin-2 exploits this by sequestering bacterial siderophores as amechanism of protection against infection.
Raffatellu et al. (2009) show that Salmonella enterica serotype Typhimurium circumvents this through the
production of the modified siderophore salmochelin.With a few exceptions, all bacterial patho-
gens require iron in order to colonize and
infect their vertebrate hosts. This require-
ment is based on the obligatory role iron
plays in a variety of cellular processes
from DNA replication to protection against
reactive oxygen species. The bacterial
necessity for nutrient metals has been ex-
ploited by vertebrates that have evolved
elaborate sequestration mechanisms to
prevent access to metal in a process
termed ‘‘nutritional immunity’’ (Weinberg,
1974). This nutrient sequestration has
resulted in a molecular arms race in the
battle for metal between host and path-
ogen. The importance of this battle was
summarized by Eugene Weinberg, who
wrote ‘‘In the resolution of the contest
between invader and host, iron may be
the critical determinant’’ (Weinberg, 1974).
Salmonella enterica serotype Typhimu-
rium causes nonsystemic enterocolitis,
which represents the second-most
frequent cause of food-borne illness in
the United States (Mead et al., 1999).
Upon ingestion and intestinal colonization,
S. Typhimurium elaborates two distinct
type III secretion systems (T3SS-1 and
T3SS-2) that target host cells and translo-
cate a series of effector molecules that
manipulate normal cellular responses. A
primary result of this bacterial assault is
the robust recruitment of neutrophils to
the site of infection. The extravasation of
neutrophils into the intestinal mucosa is
associated with increased vascularperme-
ability and significantdamage to the upper-
most ileal mucosa, further perpetuating
neutrophil transmigration. The net result
of this inflammatory response is the rapid
movement of fluid from the blood into the
intestinal lumen, leading to diarrhea.
Host-mediated iron sequestration and
absorption is particularly important within422 Cell Host & Microbe 5, May 21, 2009 ª2the intestinal lumen under both normal
and pathological conditions. The large
population of normal flora in the healthy
gut necessitates the presence of growth
control measures to prevent the rapid
proliferation of typicallyharmlesscommen-
sals. Since dietary iron is an abundant
potential nutrient source to intestinal
bacteria it must be rapidly sequestered
following ingestion. In pathological condi-
tions like enterocolitis, the severe tissue
necrosis and osmotic dysregulation of the
ileal mucosa results in the local accumula-
tion of host iron-binding proteins such
as plasma transferrin, ferritin, and hemo-
globin. These iron-containing proteins
represent a valuable nutrient source to
invading microbes. To compensate for
this inflammatory redistribution of iron
sources in the intestine, neutrophils and
epithelial cells release lipocalin-2, which
binds enterobactin-type bacterial sidero-
phores and renders them inaccessible to
intestinal pathogens (Flo et al., 2004).
In this issue of Cell Host & Microbe, Raf-
fatellu et al. (2009) report that S. Typhimu-
rium is resistant to lipocalin-2, and this
resistance is critical to the outcome of
enterocolitis. The authors initiated this
work by investigating the contribution of
IL-17 and IL-22 to the host-pathogen inter-
action, as these cytokines are produced
upon S. Typhimurium colonization and
contribute to the recruitment of neutrophils
to the siteof infection.To identify antimicro-
bial factors produced upon IL-17 and IL-22
exposure, human colonic cancer epithelial
cells were stimulated with these cytokines
and microarray analysis was performed.
Genes induced by IL-22 exposure in
cultured cells were compared for overlap
with genes induced in the ileal mucosa
of rhesus macaques infected with
S. Typhimurium. Although the authors009 Elsevier Inc.noted significant overlap between these
two conditions, they were most interested
in genes involved in defense against infec-
tion. The group set their focus on the antisi-
derophore protein lipocalin-2 based on the
fact that the gene encoding this protein
(LCN2) exhibited a pronounced increase
both in vitro after IL-22 stimulation and
in vivo during S. Typhimurium infection.
Studies into the regulation of lipocalin-2
revealed that, although IL-17 by itself
does not induce lipocalin-2 expression,
IL-17 does appear to synergize with IL-22
to control production of lipocalin-2 in the
intestinal epithelium.
A primary bacterial defense against lip-
ocalin-2 involves the production of stealth
siderophores. These molecules represent
structurally modified enterobactin-type
siderophores that are resistant to lipoca-
lin-2 binding (Abergel et al., 2006;
Fischbach et al., 2006). In this regard,
S. Typhimurium produces salmochelin,
a glycoslyated derivative of enterochelin
that is not targeted by lipocalin-2 (Baumler
et al., 1996; Fischbach et al., 2006; Hantke
et al., 2003). Salmochelin is produced by
the iroBCDEiroN gene cluster in S. Typhi-
murium, and mutants in this system are
sensitive to the inhibitory effects of lipoca-
lin-2. In keeping with this, the authors
found that S. Typhimurium strains lacking
salmochelin (DiroBC) displayed reduced
growth in cell culture medium in which lip-
ocalin-2 expression had been induced by
IL-17 and IL-22 (Raffatellu et al., 2009).
Presumably this reduced growth is due
to the inability ofDiroBC to combat lipoca-
lin-2-dependent siderophore sequestra-
tion. Consistent with this, the growth
defect of DiroBC in lipocalin-2-containing
medium was reversed upon addition of
an iron source that is not targeted by
lipocalin-2.
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the iroA gene cluster confers
virulence to a nonpathogenic
strain of Escherichia coli in a
lipocalin-2-dependent manner
(Fischbach et al., 2006). These
results suggested that salmo-
chelin-mediated lipocalin-2
evasion iscritical to the outcome
of S. Typhimurium infection.
This supposition was confirmed
in the study by Raffatellu et al.
(2009), which was made
possible by the advent of the
streptomycin pretreated mouse
model of S. Typhimurium infec-
tion (Barthel et al., 2003). Prior
to the introduction of this model,
studies into the pathogenesis
of S. Typhimurium enterocolitis
were complicated by the fact
that oral infection of mice
with S. Typhimurium leads to
bacteremia and organ lesions
characteristic of typhoidal
salmonellosis. The strepto-
mycin pretreated mouse model
of S. Typhimurium infection
provides a model that more
closely resembles human
enterocolitis. Although this
model is imperfect in that the
streptomycin-pretreated mice develop
colitis and mouse typhoid in parallel (Bar-
thel et al., 2003), it allows investigators
to genetically manipulate both host and
pathogen to identify the factors critical to
the pathogenesis of enterocolitis. This
latter quality is nicely demonstrated in
Raffatellu et al.
To demonstrate the in vivo contribution of
salmochelin to the struggle for metal
between host and pathogen, the authors in-
fected streptomycin pretreated mice with
S. Typhimurium (Raffatellu et al., 2009).
These studies revealed that the transcript
levels of Lcn2 were markedly increased
upon S. Typhimurium infection and salmo-
chelin is required to protect against lipoca-
lin-2-dependent siderophore sequestra-
tion. Further, the value of salmochelin to
S. Typhimurium is only realized during an
active inflammatory response. In the
absence of inflammation, salmochelin
doesnotaffordagrowthadvantagetoS.Ty-
phimurium, presumably because salmo-
chelin is most valuable in the presence of
high quantities of neutrophil derived lipoca-
lin-2 (Figure 1).
Resistance to lipocalin-2 is a conserved
strategy across multiple pathogenic
microbes. The Gram-positive pathogen
Bacillus anthracis produces the sidero-
phore petrobactin, which incorporates
a 3,4-dihydroxybenzoyl chelating subunit
that prevents lipocalin-2 binding and
renders this organism resistant to lipoca-
lin-2 (Abergel et al., 2006). The conserva-
tion of lipocalin-2 evasion as a virulence
strategy across such diverse pathogens
raises the exciting possibility that addi-
tional lipocalin-2-resistant siderophores
have yet to be identified. This possibility
is supported by the different mechanisms
by which petrobactin and salmochelin
evade lipocalin-2 binding. Structural alter-
ation of bacterial siderophores to evade
lipocalin-2 binding appears to be an
example of convergent evolution of patho-
gens to evade a potent vertebrate defense
response.
Lipocalin-2-resistant siderophores are
the most recently identified members
of the arsenal in the arms race for nutrient
metal. These findings lead one to wonder
which components of the host and bacte-
rial arsenals are yet to be
discovered. It is possible that
vertebrates produce additional
antisiderophore molecules that
protect against microbial infec-
tion. It is also conceivable that
vertebrates produce lipocalin-
2 analogs to target bacterial
secreted proteins known as
hemophores, which capture
nutrient iron from host hemo-
proteins (Wandersman and
Delepelaire, 2004). Conversely,
bacterial pathogens may
directly target lipocalin-2-
siderophore complexes as a
strategy to regain control of
secreted siderophores and
access the sequestered iron.
Finally, one questions how
far the struggle for nutrient
metal between host and
pathogen extends past iron.
The recent identification of
neutrophil calprotectin as a
molecule that prevents against
bacterial infection through the
chelation of nutrient manga-
nese and zinc establishes metal
chelation as a potent host
defense that extends beyond
iron alone (Corbin et al., 2008).
The work by Raffatellu et al. adds to
the ever growing body of evidence sup-
porting the idea that nutrient metal acqui-
sition is vital to bacterial pathogenesis and
that targeting bacterial metal acquisition
systems has considerable therapeutic
potential.
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Figure 1. A Model for the Contribution of Salmochelin to the
Pathogenesis of Salmonella Enterocolitis
Following ingestion, invadingSalmonella adhere to host epithelial cells and
secrete effector molecules through type III secretion systems. A conse-
quence of effector secretion is the recruitment and extravasation of
neutrophils to the site of infection. This robust inflammatory response
leads to epithelial cell damage and leakage of iron-loaded plasma and
cellular proteins such as transferrin, ferritin, and hemoglobin, which repre-
sent potential sources of nutrient iron. The Salmonella siderophore enter-
ochelin (Ec) is bound by lipocalin-2 (Lc) and rendered useless to the
invading bacteria. In contrast, the stealth siderophore salmochelin (Sc) is
resistant to lipocalin-2 binding, allowing Salmonella to access iron and
replicate within the host.Cell Host & Microbe 5, May 21, 2009 ª2009 Elsevier Inc. 423
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